Mycoplasma pneumoniae is a pathogen causing human respiratory infections such as atypical pneumonia, mainly in children and younger adults. In the chemotherapy of M. pneumoniae infection in children, erythromycin (ERY) and clarithromycin (CLR) among 14-membered macrolides and the 15-membered macrolide azithromycin (AZM) are usually considered the first-choice agents in Japan. Although there was no report on the isolation of ERY-resistant M. pneumoniae before 2000 in Japan, we found that ca. 20% of M. pneumoniae strains isolated from patients from 2000 to 2003 were ERY resistant. These results are consistent with pediatricians' impression that antibiotics such as ERY, CLR, and clindamycin (CLI) are not effective for some patients with M. pneumoniae infection.
It is well known that the macrolide-lincosamide-streptogramin B (MLS) antibiotics inhibit protein synthesis by binding to domain II and/or domain V of 23S rRNA (3, 26) . Lucier et al. (10) and Okazaki et al. (17) found that an A-to-G transition or A-to-C transversion at position 2063 (corresponding to 2058 in Escherichia coli numbering) or 2064 of the 23S rRNA gene resulted in high resistance to macrolide antibiotics. No point mutation was found in domain II of 23S rRNA of the ERYresistant M. pneumoniae strains used in the present study.
We report here the prevalence of macrolide-resistant M. pneumoniae infection in Japan. By using 13 ERY-resistant M. pneumoniae strains, we investigated the mechanisms of resistance to MLS antibiotics. Furthermore, we established restriction fragment length polymorphism (RFLP) techniques to detect point mutations in domain V of 23S rRNA of M. pneumoniae by using throat swabs or sputum samples.
MATERIALS AND METHODS
Mycoplasmas. Three types of M. pneumoniae strains were used in the present study, i.e., ERY-resistant strains isolated from children infected with M. pneumoniae in Japan from 2000 to 2003, ERY-resistant strains induced with ERY in vitro, and three reference strains: M129, Mac, and FH. The ERY-resistant clinical isolates are listed in Table 1 , with details regarding patient age, year of isolation, symptoms, and the administration of antibiotics. Most of the isolates were obtained during the patient's first visit to the hospital, except in a few cases in which the isolates were obtained within a week after an initial treatment failure. Modified Hayflick medium (6) were used for the isolation of M. pneumoniae from patients. The broth medium was composed of 7.5 parts PPLO broth (Difco), 1.5 parts heat-inactivated horse serum, and 1 part aqueous extract (25%) of baker's yeast, penicillin G (1,000 U/ml), thallium acetate (0.025%), glucose (0.5%), and phenol red (0.002%). The composition of agar medium was the same as that of the broth medium except that glucose and phenol red were omitted and 1.2% agar was added. A throat swab was immersed several times in 0.5 ml of PPLO broth; then, 0.2 ml of the suspension was transferred to the diphasic (agar/broth) medium, and 0.1 ml of the suspension was transferred onto the agar medium. The agar medium was incubated under 5% CO 2 in air with moisture, and the diphasic medium was incubated aerobically at 37°C for 5 to 14 days. When a color change was observed in the diphasic medium, 0.1 ml of the broth was subcultured onto the agar medium. When typical colonies were observed on the agar medium, a single colony was inoculated into the broth medium. After cloning of the colonies, M. pneumoniae was identified serologically or by using PCR.
MIC determination.
MICs of MLS antibiotics were determined by a broth microdilution method based on the method of the National Committee for Clinical Laboratory Standards. Serial twofold dilutions of MLS antibiotics prepared in PPLO broth containing 10 4 to 10 5 CFU/ml of M. pneumoniae were put in 96-well microplates (17) . The microplates were sealed with adhesive sheets and incubated at 37°C. The MIC was determined as the lowest concentration of antimicrobial agent at which the color of the control medium was changed. A number of antibiotics were tested. ERY, oleandomycin (OL), josamycin (JM), spiramycin (SPM), midekamycin (MDM), leucomycin (LM), and lincomycin (LCM) were purchased from Wako Pure Chemical Industries, Ltd., Japan; roxithromycin (RXM) and quinupristin-dalfopristin were provided by Aventis Pharm Japan, Ltd.; CLR was provided by Abbott Co., Ltd. (Japan); rokitamycin (RKM) was provided by Asahi Kasei Co. Japan; CLI was provided by Upjohn Co. (Japan); and AZM was provided by Pfizer Japan, Inc.
PCR amplification and sequencing of domains II and V of the 23S rRNA gene and L4 and L22 ribosomal protein genes. The ERY-resistant M. pneumoniae strains were screened on the basis of MIC of ERY. A 0.5-ml aliquot of growth culture of M. pneumoniae was centrifuged at 17,500 ϫ g for 20 min at 4°C. After (Table 2) . Primers for domain V of 23S rRNA were as reported by Lucier et al. (10) . To identify the mutation in domain II containing nucleotide A752 interacting with the macrolide 3-cladinose moiety, 23SDIIF-23SDIIR primer pairs were used. For domain V (peptidyltransferase region), MH23SDVF-MH23SDVR primer pairs were used. Amplification of ribosomal protein L4 and L22 fragments was performed with the MNL4F-MNL4R and MNL22F-MNL22R primer pairs, respectively. The composition of the PCR mixture was as follows: 2 l of template, 30 pmol of forward and reverse primers, and 25 l of premix Taq (TaKaRa Ex Taq Version; Takara Bio, Inc.) and water in a final reaction volume of 50 l. PCR conditions were 2 min at 94°C first, followed by 45 s at 94°C for denaturation, 1 min at 55°C for annealing, and 80 s at 72°C for elongation for 30 cycles, and followed finally by 5 min at 72°C. The products were purified with a MiniElute PCR purification kit (Qiagen, Hilden, Germany), labeled with a BigDye Terminator V3.1 cycle sequencing kit (Applied Biosystems), and applied to an ABI Prism 3100 genetic analyzer (Applied Biosystems) according to the manufacturer's instructions. The primers used for sequencing were the same as those used for PCR (Table 2) . DNA sequences of PCR products were compared to the sequence of M. pneumoniae M129 (accession no. X68422) by using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). RFLP analysis of point mutation in domain V of 23S rRNA. To detect the point mutations A2063G, A2063C, A2064G, and A2617G in domain V of 23S rRNA, BbsI, BceAI, BsaI, and BsmFI (New England BioLabs) were used. Second PCR products from domain V for tested M. pneumoniae strains were used for digestion with the four restriction enzymes. After the first PCR product (927 bp) was obtained with the MH23SDVF-MH23SDVR primer pair, a second PCR product (210 bp) was obtained with the MN23SF1937-MN23SR2128 primer pair to detect the point mutation at 2063 or 2064 in domain V of 23S rRNA. For the detection of point mutation at 2617 in domain V, the primer set of MN23SF2577 and MN23SF2664 was used, and a 108-bp PCR product was obtained. A portion of the second PCR product was digested with BbsI (5 U for 1 l of PCR product) for the A2063G mutation, BceAI (1 U for 1 l of PCR product) was used for the A2063C mutation, BsaI (10 U for 1 l of PCR product) was used for the A2064G mutation, and BsmFI (2 U for 1 l of PCR product) was used for the C2617G mutation. Digested products were electrophoresed on a 10 to 15% gradient polyacrylamide gel (Nikkyo Technos Co., Ltd.) or on a 4% Nusieve 3:1 agarose gel (BioWhittaker Molecular Applications, Rockland, Maine). Table 3 . M. pneumoniae reference strains, including M129, showed low ERY, OL, RXM, CLR, AZM, JM, MDM, LM, RKM, and SPM (0.0156 to 0.25 g/ml) MICs. Of the ERY-resistant strains, strain 377 (C2617G) showed low resistance to macrolide antibiotics except for OL. The 15-membered macrolide AZM and most of the 16-membered macrolides were more effective than the 14-membered macrolides for strain 377. Although ERY-resistant clinical strains, except for strain 377, tended to show resistance to all of the macrolides, some of them showed different responses to RKM. That is, for strains with an A-to-G mutation at position 2063 the RKM MICs were not so high (Ͻ1 g/ml). LCM and CLI, lincosamide antibiotics, and streptogramin antibiotics showed no marked activity toward the reference strains or some of the clinical isolates.
RESULTS

Antimicrobial
Sequencing analysis of ribosomal protein and 23S rRNA genes. PCR amplification and sequence analysis of ribosomal proteins and 23S rRNA were performed for all M. pneumoniae strains used in the present study. The results are summarized in Table 4 . In domain II of the 23S rRNA containing position 752, there was no difference in sequence from that of M. pneumoniae M129. Figure 1 shows the results of the nucleotide sequence analysis of domain V, called the peptidyltransferase region, in the 23S rRNA of the M. pneumoniae strains. Five ERY-resistant strains (1020-EMR3, 1020, 1253, 1552, and 1653) were induced with ERY in vitro, as previously reported (17) . Figure 2 shows the position of a point mutation on the peptidyltransferase loop in domain V of M. pneumoniae 23S rRNA. Of 13 ERY-resistant clinical isolates, 10 (77%) showed A2063G transition, and the remaining 3 showed one A2064G transition, one A2063C transversion, and one A2617G transversion. Of the ERY-resistant strains obtained in vitro, strain 1020-EMR3 had C2617G and strain 1552 had two point mutations: A2064C and C2617A. Compared to the sequence of the M129 strain, different nucleotides were found in some strains (350, 376, 377, 378, 379, FH, and Mac) at positions 162 and 430 of L4 and 279 of L22 ribosomal protein genes. These differences are related to two different types of M. pneumoniae strains (19) . Mutation T508C of the L22 ribosomal protein gene was observed in all strains used in the present study except for M129. Thus, these nucleotide differences are not involved in the ERY resistance of M. pneumoniae. Although C62A and C341T mutations were found in strain 1253, it is uncertain whether these mutations are involved in ERY resistance because of the A2064G mutation, which imparts high ERY resistance.
RFLP analysis of ERY-resistant M. pneumoniae strains.
To detect a point mutation at position 2063 or 2064 of the 23S rRNA gene, a second PCR product (210 bp) was digested from the first PCR product (927 bp) with suitable restriction enzymes. Digestion with BsaI generated two fragments of 124 and 86 bp for ERY-susceptible strain M129, whereas three fragments of 124, 57, and 29 bp were obtained in the case of the A2063G mutation (lanes 2 and 3 in Fig. 4A ). Two fragments of 158 and 52 bp were generated with BceAI in the case of the A2063G mutation (lane 5 in Fig. 4A ), and two fragments were generated with BsaI in the case of the A2064G mutation (lane 7 in Fig. 4A ). Strain M129 has no cut site for the second PCR product with BceAI and BsaI (lanes 4 and 6 in Fig. 4A ). To detect a point mutation at position 2617, the PCR primer pair MN23SF2577 and MN23SDVR was used, generating a 108-bp product (Fig. 3) . Although there was no restriction enzyme to digest C2617A or C2617G mutation, the M129 strain had a restriction site with BsmFI and generated two fragments of 81 and 27 bp (Fig. 4B) .
DISCUSSION
In general, macrolides such as ERY, CLR, and AZM are used as the first-choice therapeutic agent for treating M. pneumoniae infections in children, as well as in adults. We isolated 76 M. pneumoniae strains from three geographically distant regions in Japan (Hokkaido in the northern island, Kanagawa in the central region, and Kochi in south) and found that 13 strains (17%) were ERY resistant. Although resistance to ERY was observed many years ago in a few M. pneumoniae strains (16, 20) , when we investigated the ERY MICs for 296 M. pneumoniae strains isolated in Japan from 1983 to 1998, no ERY-resistant strain was found among them (data not shown). Thus, we concluded that ERY-resistant M. pneumoniae had appeared in 2000 and spread rapidly in Japan. We applied our established RFLP analysis to ca. 1,000 sputum samples taken from patients with respiratory infections from 2000 to 2002 and found that 23 (24%) of 94 PCR-positive samples for M. pneumoniae DNA had the ERY resistance-inducing point mutation A2063G (unpublished data). Whether or not the prevalence of ERY-resistant M. pneumoniae and the predominance of A2063G among the isolates are peculiar to Japan needs to be clarified by future studies outside Japan. The mechanisms of resistance to MLS antibiotics in various microorganisms have been reviewed and include modification of the target site, active efflux, or inactivation (13, (24) (25) (26) . The MLS antibiotics inhibit protein synthesis by binding to domains II and V of 23S rRNA (3, 26) . In particular, it has been clearly shown that ribosomal mutations in domains II and V of 23S rRNA and mutations in ribosomal protein L4 (rplD) and L22 (rplV) are related to resistance to MLS antibiotics (2, 4) . In L4 and L22 ribosomal proteins, no mutation that clearly contributed to resistance to macrolide antibiotics was found, although one strain (strain 1253) exhibited mutations of the L22 protein, such as C62A and C341T, in vitro. We found several point mutations in domain V of 23S rRNA in ERY-resistant M. pneumoniae but none in domain II of 23S rRNA. Among them, the point mutations at position 2063 or 2064 in domain V have been reported in several pathogens such as E. coli, H. pylori, Mycobacterium spp., and S. pneumoniae (24) and generated strong resistance to macrolide antibiotics. Transversions of C to G and C to A at position 2617 of domain V were observed in a clinical isolate (strain 377) and ERY-induced strains (1020-EMR3 and 1552), respectively. On the other hand, it has been reported that C-to-U transition at position 2611 (corresponding to 2617 in M. pneumoniae numbering) in clinical pathogens such as Neisseria gonorrhoeae (15) , Streptococcus pyogenes (11) , Mycoplasma hominis (18) , Chlamydia trachomatis (12) , and E. coli (23) was associated with macrolide resistance. M. pneumoniae strain 1552, derived by incubation with ERY in vitro, showed A2064C transversion and C2617A transversion. The mutation at position 2617 produced less resistance to macrolide antibiotics than did the mutation at position 2063 or 2064 of domain V. Based on our results, it is considered that transition is the predominant type of mutation in M. pneumoniae. This may be due to the structural difference between purine and pyrimidine. These results support the observation in E. coli that the apparent dissociation constant (
Ϫ7 ] is ca. 480 times higher than that of the A2058G (2063 in M. pneumoniae) E. coli strain
Ϫ4 ] (3). As mentioned above, macrolide resistance of M. pneumoniae has been explained thus far in terms of mutation of 23S rRNA. However, M. hominis was associated with an absence of intracellular accumulation and ribosomal binding of macrolide antibiotics (18) . These results suggest that several different mechanisms of macrolide resistance exist in Mycoplasma species. Table 1 summarizes information about the patients from whom ERY-resistant M. pneumoniae strains were isolated. Although these patients were actually infected with ERY-resis- , and 381) of the ten patients for whom the clinical course was known. One possible explanation may be the anti-inflammatory effects of macrolides, which inhibit the production of cytokines such as proinflammatory tumor necrosis factor alpha, interleukin-1␤ (IL-1␤), IL-6, IL-8, and so on rather than the antimicrobial effect (1, 7, 8, 21) . Much more information is available about the immunopathological mechanisms of M. pneumoniae pneumonia, particularly with regard to a wide variety of cytokines. Among them, Th1-type cytokines (22) and IL-8 (14) might play significant roles in the pathomechanism. In this context, recent investigations have revealed that macrolides modulate the actions of these cytokines (5, 9) . It is therefore a reasonable proposition that macrolides, particularly 14-and 15-membered macrolides, exert their clinical efficacy in the treatment of M. pneumoniae pneumonia through immunomodulation. Our results obtained for patients with ERY-resistant M. pneumoniae infection strongly suggest that the beneficial effects of macrolides in the treatment of M. pneumoniae pneumonia are not solely due to direct antimicrobial activity and support the idea that immunomodulatory effects of macrolides play an important role in recovery from the illness.
In conclusion, we found 13 strains of macrolide-resistant M. pneumoniae among 76 clinical isolates obtained during the period from 2000 to 2003, despite the fact that no resistant strain was found among 296 isolates from 1983 to 1998. The predominant mutation was A2063G in domain V of 23S rRNA (10 of 13 resistant strains), and mutations involving either A2063 or A2064 resulted in high MICs to macrolide antibiotics. On the other hand, mutations involving C2617 in domain V of 23S rRNA generated less resistance to ERY than mutations involving A2063 or A2064. Our results indicate that macrolideresistant M. pneumoniae is spreading in Japan, and it will be necessary to reconsider the effectiveness of macrolides in the treatment of patients with M. pneumoniae pneumonia.
